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Abstract. Relativistic quantum information (RQI) is an emerging field of research dedicated to
investigating quantum information protocols in a relativistic setting. Such models may give us clues
about what sort of features a proper theory of quantum gravity ought to have. In this paper, we
consider what happens to a quantum circuit operating in a curved spacetime background. We model
the circuit using quantum optics in a Schwarzchild metric, with qubits constructed from single
photons. The result is compared to an alternative model using ‘event operators’ in place of regular
quantum optics. In this new model, field operators acting at different events in the photon’s history
are made to commute with each other; a requirement that has elsewhere been shown to remove
paradoxes from situations where closed time-like curves are involved. Our comparison of the models
reveals that the event operator model is inherently non-linear, although it gives the same predictions
as normal quantum optics in most cases.
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Background. The developing field of RQI has considered quantum information in
a wide range of settings, such as accelerated frames and black holes1. Deutsch [10]
was the first to consider toy models of quantum computation on closed time-like curves
(CTCs). Since then, many researchers have contributed to the topic [11]-[21] in the
hope of learning something about quantum gravity. Deutsch’s model was formulated
strictly in the Schrodinger picture and it suffered a number of difficulties, including non-
unitarity and multiple possible solutions in some cases. These difficulties were removed
in a paper by Ralph[14], in which the model was reformulated in the Heisenberg picture
with the aid of a hidden degree of freedom. This hidden degree of freedom served to
distinguish operators acting at different points on the qubit’s world line. The resulting
model was unitary and free of the aforementioned ambiguities.
Motivated by this discovery, Ralph et al. [22] subsequently generalized their model to
optical field operators, which could be applied in more realistic scenarios. The result was
the ‘event operator’ formalism; essentially a direct modification of quantum optics to
incorporate the hidden degree of freedom. It was immediately shown that event operators
could be applied to situations where there were no CTCs present; for example to a pair of
photons moving through a Schwarzchild spacetime. If the photons were entangled, the
event operator formalism predicted a decorrelation not seen in standard quantum optics,
prompting the authors to propose an experiment to decide between the two theories.
Up to this point, the generalized theory had only been applied to photons interacting in
1 See for example [1]-[8]. For a review see Peres and Terno [9]
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a linear way, for example through parametric entanglement, whose operator is a linear
function of the creation and annihilation modes. It was wondered whether the theory
could be extended to quantum circuits incorporating non-linear gates, such as the c-not
interaction between two qubits, and whether any interesting features might be revealed
by such interactions. The goal of this paper is to answer that question.
Event Operators. The essence of the event operator formalism is the inclusion of
an extra degree of freedom, τ , which parameterizes the photon geodesic. The physical
interpretation of τ is the time of travel as measured incrementally by a series of observers
stationed along the path, at rest in the frame of the detector for that photon[22]. Therefore
τ will be affected by passage through a gravitational field, because the observers’
clocks will run slower in that region. Mathematically, we wish to use τ to make the
field operators acting at different points along the path commute with one another. We
therefore introduce Ω, the frequency space counterpart of τ , and require the frequency
space commutation relation to be: [aˆk,Ω, aˆk′,Ω′ ] = δ (k− k′)δ (Ω−Ω′). This is satisfied
(in a Schwarzchild metric) by field operators of the form
aˆ(x, t) =
∫
dkG(k)eik(x+2Mln(x)−t+φ
+)
∫
dΩJ(Ω)eiΩτ aˆk,Ω
These are called event operators. J(Ω) is to be physically interpreted as the Fourier
transform of a distribution J(τ) that defines the localization of the event operators on the
geodesic. If J(τ) approximates a delta function, then the event operators are perfectly
localized and even two operators that are very close together will commute with one
another. On the other hand, if the spread of J(τ) is very large, there will be a class
of operators close to any given operator that will not commute and will approximately
satisfy the usual commutation relation of quantum optics. Therefore we would expect to
recover ordinary quantum optics for operators in this region.
Circuits from Field Modes. We can make a qubit out of a single photon by choosing
two orthogonal field modes to represent the two levels of the qubit. We could choose
horizontal and vertical polarization modes, for example. We will simply define aˆ and bˆ
to represent our choice of orthogonal modes. For a system of ‘n’ qubits, we will use the
modes aˆ1, bˆ1, aˆ2, bˆ2, ..., aˆn, bˆn. We can then define the computational basis states |0〉, |1〉:
|0〉 ≡ a†|0a0b〉 ≡ |10〉; |1〉 ≡ b†|0a0b〉 ≡ |01〉
An arbitrary superposition state α |0〉+β |1〉 is equivalent to:
α |10〉+β |01〉 ≡ (αa†+βb†)|00〉
i.e. the photon exists in an arbitrary superposition of the a and b modes. The states
|0〉, |1〉 span a one-photon Fock space that is closed under photon-number preserving
operations. In particular, we can define the Pauli operators:
I = a†a+b†b, Z = a†a−b†b, X = a†b+b†a, Y = ib†a− ia†b
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FIGURE 1. A quantum circuit acting on two qubits. One qubit is prepared in a superposition. After
going through a c-not, the qubits traverse a gravitational field and each experiences a different time
dilation. The qubits then pass through another c-not and the expectation value of I1Z2 is measured on
their state.
This follows from the commutators:
[a,a†] = [aˆk,Ω, aˆ
†
k,Ω] =
∫
dk|G(k)|2
∫
dΩ|J(Ω)|2 ≡ 1, [b,b†] = 1
(All other commutators vanish). It is straightforward to verify that these operators satisfy
the usual Pauli algebra at any given point in space-time. For ‘n’ qubits, we simply go
to n-photon Fock space and the operators are just tensor products of ‘n’ single-photon
operators. For the rest of this paper, we will concentrate on two qubit systems (i.e. two-
photon Fock space). To construct quantum gates, we write out the expansion in terms of
Pauli operators. For example, the c-not gate is represented by the unitary operator Ucnot ,
which can be decomposed as:
Ucnot =
1
2
(I1I2+Z1I2+ I1X2−Z1X2)
We now have all the essential technology for building a quantum circuit from field modes
in a curved spacetime background. The only thing missing is a single photon source
to create our qubits from the vacuum. To this end, we use an array of ‘N’ parametric
down-converters (PDCs) that each have some low probability χN of producing a pair of
photons. The array is connected to a switching board that checks for photon production
and then allows a single photon through at the required time. This design for on-demand
single photons is due to Migdall et al. [23]. The details of how to treat this source in the
Heisenberg picture is the topic of a future paper.
An Example Circuit. Consider the circuit shown in Fig.1. In addition to the c-
not gates, each qubit passes through a region of curved spacetime. For simplicity, we
assume that only the qubits traverse this region and the rest of the circuit is located
far from the source of curvature, so that it may be treated in flat spacetime. This could
be achieved by sending the qubits towards the source of curvature at a certain point and
then having them reflected back. If they are reflected back at different radii, they will take
different paths through the curved region and experience a relative time dilation. Using
the techniques described for ordinary quantum optics, we may calculate the expectation
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value of measuring I on qubit 1 and Z on qubit two; that is, 〈I1〉〈Z2〉, after the qubits have
traversed the circuit. The spacetime translation makes no difference to the operators in
the standard formalism because the field modes do not depend on the path, as previously
explained. Hence the two c-nots cancel out and give a trivial evolution. Measuring I1
in an arbitrary superposition state yields (α2+β 2) which is defined to be 1. Measuring
Z2, which is in the |0〉 state, again yields 1. Thus we are left with the final result of
unity. We have assumed ideal conditions, but a more general calculation shows that
influences such as a disparity between the source and detectors, or incorrect detector
spacing (for example) can only result in a reduction of the measured count rate by an
overall factor, denoted Γ. With event operators the calculation is not so intuitive, but it
is still straightforward using the methods described. We obtain:
〈I1〉〈Z2〉= [(α2−β 2)2+4α2β 2|Cτ |2E]Γ
where
Cτ ≡
∫
dΩ|J(Ω)|2eiΩ(τ2(ti)−τ1(ti)), E ≡
N
∑
j
χ2
N
e
χ2
N j(|Cτ |2−2)
‘E’ takes values between 1/2 and 1, depending on Cτ . When Cτ = 1, we recover the
standard result of (α2 + β 2) = 1. At the opposite extreme, if Cτ = 0 we get a very
different result, namely: (α2 − β 2)2. What is the meaning of this result? Consider
what happens when we distinguish between Z’ and Z”. Let us treat them as operators
in completely different Hilbert spaces. In our toy model, the expectation value is:
〈Z′1〉〈Z′′1 〉〈Z′′2 〉= (α2−β 2)2Γ which corresponds precisely to the Cτ=0 solution.
The nonlinearity of this result is apparent; just consider the evolution through the last
c-not. As Cτ changes smoothly from 0 to 1, the non-linearity gradually vanishes. To
interpret these observations physically, note that Cτ depends on the spread of J(τ),
denoted σ , and the size of the relative time dilation, ∆. If both qubits experience the
same time dilation ∆ = 0, then Cτ=1 and there is no difference from the standard theory.
If ∆ is large, the difference between the two formalisms becomes significant. Conversely,
σ has the opposite effect. If σ is very small, then the event operators are well localized
(delta functions) in time and Cτ approaches 0; but if σ is large, the event operators
cannot be well localized and so their effect is reduced, so Cτ approaches 1. In summary,
the event-operator theory is a nonlinear formalism that diverges from standard quantum
optics when the event operators are defined to be well localized in space-time, and when
there is a relative time dilation between two entangled photons (or qubits constructed
from photons).
Conclusion. Modelling quantum evolution on closed time-like curves leads us to
consider the theory of event operators, which we have shown here to be inherently non-
linear. Fewster and Wells [12], considering field theory on CTCs in 1995, arrived at a
similar conclusion. Non-linear quantum theories have been considered before in the lit-
erature [24],[25],[26],[15],[19] but are treated with caution because of several undesirable
features that they all appeared to exhibit, including superluminal communication, viola-
tions of the second law of thermodynamics and others. However, such features do not
arise in the toy model discussed here, thus raising the possibility that there can be viable
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non-linear quantum theories. Further investigation could shed light on this question and
clarify the extent to which such theories can connect relativity to quantum mechanics.
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